Ghorbel MT, Mokhtari A, Sheikh M, Angelini GD, Caputo M. Controlled reoxygenation cardiopulmonary bypass is associated with reduced transcriptomic changes in cyanotic tetralogy of Fallot patients undergoing surgery. Physiol Genomics 44: 1098-1106, 2012. First published September 18, 2012 doi:10.1152/physiolgenomics.00072.2012.-In cyanotic patients undergoing repair of heart defects, high level of oxygen during cardiopulmonary bypass (CPB) leads to greater susceptibility to myocardial ischemia and reoxygenation injury. This study investigates the effects of controlled reoxygenation CPB on gene expression changes in cyanotic hearts of patients undergoing surgical correction of tetralogy of Fallot (TOF). We randomized 49 cyanotic TOF patients undergoing corrective cardiac surgery to receive either controlled reoxygenation or hyperoxic/standard CPB. Ventricular myocardium biopsies were obtained immediately after starting and before discontinuing CPB. Microarray analyses were performed on samples, and array results validated with real-time PCR. Gene expression profiles before and after hyperoxic/standard CPB revealed 35 differentially expressed genes with three upregulated and 32 downregulated. Upregulated genes included two E3 Ubiquitin ligases. The products of downregulated genes included intracellular signaling kinases, metabolic process proteins, and transport factors. In contrast, gene expression profiles before and after controlled reoxygenation CPB revealed only 11 differentially expressed genes with 10 upregulated including extracellular matrix proteins, transport factors, and one downregulated. The comparison of gene expression following hyperoxic/standard vs. controlled reoxygenation CPB revealed 59 differentially expressed genes, with six upregulated and 53 downregulated. Upregulated genes included PDE1A, MOSC1, and CRIP3. Downregulated genes functionally clustered into four major classes: extracellular matrix/cell adhesion, transcription, transport, and cellular metabolic process. This study provides direct evidence that hyperoxic CPB decreases the adaptation and remodeling capacity in cyanotic patients undergoing TOF repair. This simple CPB strategy of controlled reoxygenation reduced the number of genes whose expression was altered following hyperoxic/standard CPB.
REINTRODUCTION OF HIGH OXYGEN levels to cyanotic patients on cardiopulmonary bypass (CPB) leads to myocardial damage prior to ischemic cardioplegic arrest (31) , suggesting that the injury seen following cardioplegic arrest may be in part due to CPB-induced reoxygenation injury, and this has also been demonstrated in other clinical studies (8, 9) . One of the strategies proposed to avoid this injury is the use of "controlled reoxygenation" using normoxic CPB with a pump prime the PO 2 (oxygen tension in the blood) of which is matched to the patient's preoperative saturation. This has been shown to ameliorate reoxygenation injury and leads to almost complete functional recovery (17, 20) . In a recent prospective randomized trial we have demonstrated that controlled reoxygenation on starting CPB in cyanotic patients undergoing cardiac surgery significantly reduces oxidative stress and myocardial cell injury, compared with hyperoxic CPB (5) . Hypoxia changes the cardiac protein pattern, mainly through altered gene expression (6, 15) . We have recently shown that chronic hypoxia in cyanotic children with tetralogy of Fallot (TOF) induced the expression of genes associated with apoptosis and reduced the expression of genes associated with normal myocyte contractility and function (15) and may be responsible for the susceptibility of cyanotic children to reoxygenation injury during and after surgery.
To our knowledge, no previous attempts have been made to determine the gene expression profiles associated with reoxygenation injury in cyanotic heart disease. Transcriptional profiling is a powerful tool for delineating complex patterns of gene expression in response to severe systemic stimuli and injury (37) , and several recent studies have used microarray technology to examine the global myocardial stress response during cardiac surgery (27, 36, 39) . The aim of this study was to investigate the effects of reoxygenation injury on the myocardial gene expression profiles of cyanotic patients with a diagnosis of TOF undergoing corrective heart surgery. Furthermore, we evaluated whether controlling reoxygenation during CPB could prevent the effect of hyperoxic CPB on the myocardial gene expression profile in these patients.
MATERIALS AND METHODS
Patients, clinical, and biochemical methods. We randomized 49 cyanotic patients undergoing TOF or pulmonary atresia repair between January 2004 and November 2009 at the Bristol Royal Hospital for Children to receive either controlled reoxygenation (50 -80 mmHg, n ϭ 24) or hyperoxic/standard (150 -180 mmHg, n ϭ 25). All patients were in a stable condition without preoperative respiratory or inotropic support. "Controlled reoxygenation CPB" referred to a pump prime, the PO 2 of which is matched to the PO2 of the patient. "Hyperoxic/standard CPB" referred to a pump prime prepared to the current "best practice" protocols, which has a PO 2 relatively hyperoxic for a cyanotic patient. Preoperative characteristics in the two groups are summarized in Table 1 . The study was approved by the Hospital Research Ethics Committee, and parental informed consent was gained for all patients. Intraoperative anesthetic and operative techniques were standardized as previously reported (21) . Cold blood (4 -6°C) St Thomas' I-based cardioplegic solution (4:1 dilution blood/St Thomas' I crystalloid cardioplegia) was used for myocardial preservation, with the following composition (mM): 16 MgCl 2, 2 CaCl 2, 20 KCl, 147 NaCl, 1.0 procaine HCl. Additional cardioplegia was administered after each 20 min of aortic cross-clamping. Blood oxygen tension levels for assessing the efficacy of the controlled reoxygenation were measured in both groups immediately after intu-bation, at 10 and 30 min after starting CPB, at the end of the ischemic time, and 6 and 24 h postoperatively.
After the surgery, all patients were admitted to the pediatric intensive care unit (ICU) and were managed according to unit protocols (21, 32) .
Serum lactate and 8-isoprostane levels (enzyme immunoassay; Cayman Chemicals, Ann Arbor, MI) were measured preoperatively, on removal of the aortic cross-clamp, and 30 min, 2, 6, and 24 h thereafter, as measurements of myocardial oxidative stress.
Continuous outcomes are summarized as an arithmetic mean and standard deviation if normally distributed or as median and interquartile range if skewed. Categorical data are presented as actual counts and percentages. Biochemical markers measured at multiple time points were analyzed by repeated-measures analysis of variance. A P value Ͻ0.05 was considered statistically significant.
Cardiac muscle biopsies. Ventricular biopsy specimens (10 mg net weight) were collected from the apex of the right ventricle using a Trucut needle (21) . The Pre-op biopsy was taken immediately after institution of CPB. The hyperoxic or controlled reoxygenation biopsies were collected at the end of ischemic time. Each specimen was immediately put in RNA Later solution (Qiagen, UK) and kept overnight at 4°C. The next day RNA Later solution was removed, and biopsies were kept at Ϫ80°C until RNA extraction.
RNA extraction. Tissue was mechanically homogenized in lysis reagent (Qiagen, Crawley, UK) and Total RNA was purified with RNeasy Micro Kit (Qiagen) and eluted into 12 l of RNase-free water. The concentration and purity of the total RNA samples were assessed by spectrophotometry (Nanodrop, Wilmington, DE). Only samples with a sufficiently high yield (Ϸ1 g of total RNA at a minimum concentration of 125 ng/l) and purity (an A260/A280 ratio of close to 2) were further analyzed for integrity with a Bioanalyzer 2100 with RNA 6000 Nano Assay (Agilent Technologies, Stockport, UK). Samples that met the quality control criteria were used as templates for cRNA synthesis.
Gene microarrays. For each experimental group (Pre-op, n ϭ 7; Hyperoxic/standard, n ϭ 5; and Controlled reoxygenation, n ϭ 5), samples from individual patients were processed. Ventricular total RNAs (1 g) from individual patients were used to generate biotinylated cRNAs. The quantity and size distribution of purified cRNA was assessed on a Bioanalyzer 2100 using RNA 6000 Nano Assay (Agilent Technologies) to ensure that the cRNA amplification was successful. Target fragmentation was achieved by incubation at 94°C for 35 min in fragmentation buffer (40 mM Tris-acetate, pH 8.1/100 mM KOAc/30 mM MgOAc). The size distribution of the fragmented labeled transcripts was assessed on the Agilent Technologies Bioanalyzer 2100 using the RNA 6000 Nano Assay. These cRNAs samples were used for hybridization to separate Affymetrix GeneChip arrays. For each experimental group, five samples from individual patients were processed. Hybridization of the labeled cRNA to the Affymetrix GeneChip Human Genome U133 Plus 2.0 Array was carried out for 16 h in the Affymetrix GeneChip Hybridization Oven 640. Then GeneChip arrays were stained and washed on the GeneChip Fluidics Station 450 (Affymetrix). The fluorescent signals were detected with an Affymetrix GeneChip Scanner 3000 and stored as high-resolution fluorescence intensity data file. These data were initially analyzed with Affymetrix GeneChip operating software GCOS 1.2, which generates an expression report file that lists the quality control parameters. All of these parameters were scrutinized to ensure that array data had reached the necessary quality standards (scaling factor of Ͻ3-fold; average background values at 20 -100 and the ratio of 3=:5= signal no more than 3 for housekeeping genes GAPDH and ␤-actin). All raw data have been submitted to the National Center for Biotechnology Information Gene Expression Omnibus database under the following accession numbers: GSE14956 and GSE38177.
Microarray data analysis. Seven pre-op patients samples (4 pre-op hyperoxic and 3 pre-op controlled), five post-op hyperoxic samples and five post-op controlled samples were used. Separate microarrays were probed with independently generated target from each tissue from heart biopsies of either group at the beginning of surgery and at the end of ischemic time. The microarray data were normalized in accord with our standard protocol. Raw data (CEL files) were uploaded into ArrayStar software version 2.1 (DNASTAR) for normalization and statistical analysis. The robust multichip analysis algorithm (7) was used for background correction, quantile normalization, and median polish summarization. The statistical analysis was carried out using ArrayStar software followed by multiple testing corrections for false discovery rate. Transcripts were filtered on the basis of Ն1.6-fold difference.
Functional annotation analysis. Differentially expressed genes were analyzed according to predefined pathways and functional categories annotated by KEGG (24) and GO (2) using the DAVID (Database for Annotation, Visualization, and Integrated Discovery) bioinformatics resource (11) . All gene annotations were checked using online tools and databases (http://www.ncbi.nlm.nih.gov). Note that the databases are in a constant state of flux and that annotations are subject to updates, redefinition, and correction.
cDNA synthesis and real-time PCR. For each experimental group (Hyperoxic/standard, n ϭ 5 and controlled reoxygenation, n ϭ 5), total RNA from individual patients was extracted. Complementary DNA was reverse transcribed from 1 g of total RNA using Superscript III cDNA first-strand synthesis kit (Invitrogen, UK), diluted two fold and 1 l used in real-time PCR reactions. Optimized primers of human SLC6A6 (QT00095655), NRAS1 (QT00076874), JUN1 (QT00242956), PIK3R1 (QT00023100), MAPK8 (QT01149512), NLK (QT00043148), COL1A2 (QT00072058), VCAN (QT00064064), PDE1A (QT00065877), MOSC1 (QT00084665), and CRIP3 (QT00089852) were purchased from Qiagen (UK). Amplification and detection of specific products were carried out with Roche Lightcycler 1.5 detection System. Each sample was performed in duplicate. 18S mRNA was used as endogenous control transcript in each sample. Relative expression ratios were calculated by the relative quantification real-time PCR method (34) . Statistical analysis (unpaired t-test) was carried out using Instat 3 software, and a P value was calculated for comparison.
Western blotting. For each experimental group (Hyperoxic/standard, n ϭ 5 and controlled reoxygenation, n ϭ 5), total proteins from individual patients were extracted. Western blotting was performed as 
Data are means Ϯ SD or median and interquartile range. RV, right ventricle; X-clamp, aortic cross clamp (cardioplegic ischemic time). *P Ͻ 0.05 vs. T1, T2, and T3 in the Hyperoxic/Standard group. previously described (15) . Briefly, total protein extracts were prepared from ventricular biopsies, separated on SDS polyacrylamide gel, and transferred to Hybond nitrocellulose membrane (Amersham). Blocked membrane were incubated in primary polyclonal antibodies (rabbit anti-MOSC1, Lifespan Biosciences; rabbit anti-COL1A2, abcam; goat anti-TAUT, Santa Cruz Biotechnology), washed, and incubated in horseradish peroxidase-coupled anti-rabbit or anti-mouse secondary antibodies (Amersham). Membranes were exposed to Hyperfilm (Amersham), and protein bands were quantified with NIH Image J software. Statistical analysis (unpaired t-test) was carried out using Instat 3 software, and a P value was calculated for comparison.
RESULTS
Operative and postoperative data for both groups are summarized in Table 1 . The two groups were comparable in terms of age, weight, CPB, and cross-clamp time. The pro-operative echocardiographic data show no differences between the two groups regarding right ventricular wall thickness. As expected, the blood oxygen levels were significantly increased in the hyperoxic/standard compared with the controlled reoxygenation CPB group (P ϭ 0.01) demonstrating the efficacy of the CPB treatment strategy (Fig. 1A ).
There were no deaths and no major morbidities in both groups. Patients receiving hyperoxic/standard CPB had a longer ventilation time (P ϭ 0.03) and duration of dopamine support (P ϭ 0.05) compared with patients in the controlled reoxygenation CPB group. Postoperative lactate levels were significantly raised at 6 h from the end of the cross clamp time compared with preoperative levels in the hyperoxic/standard CPB group (P Ͻ 0.05).
The 8-isoprostane levels were also significantly increased at the end of the cross clamp time compared with preoperative levels in the hyperoxic/standard group, remaining elevated up to 2 h from the end of the ischemic time (P Ͻ 0.05, Fig. 1B) .
Gene expression. We have used the Affymetrix GeneChip Human Genome U133 Plus 2.0 Array in this study as it represents the most comprehensive whole human genome expression array. It provides comprehensive coverage of the transcribed human genome on a single array with variants from Ͼ47,000 wellsubstantiated human genes (http://www.affymetrix.com).
Genes expressed in cyanotic heart tissue before and after hyperoxic/standard or controlled reoxygenation CPB. The comparison of gene expression profiles in the cyanotic hearts before and after hyperoxic/standard CPB revealed 35 differentially expressed genes with three upregulated and 32 downregulated (Fig. 2 ). The products of upregulated genes included two E3 Ubiquitin ligases HECTD1 and DTX3 ( Table 2 ). The products of downregulated genes included intracellular signaling kinases MAPK8 and NLK (Wnt signaling pathway), metabolic process proteins (KLF9, biliverdin reductase A, PPAPDC1B), and transport factors: SLC39A8, SLC25A30 (mitochondrion protein) and GULP (Table 2 ). In contrast, the comparison of gene expression profiles before and after controlled reoxygenation CPB revealed only 11 differentially expressed genes with 10 upregulated including extracellular matrix proteins (COL1A2 and IDE), transport factors, and one downregulated (Cortactin; Fig. 2, Table 3 ). Controlled reoxygenation reduced the number of genes whose expression was altered following hyperoxic/standard CPB.
Comparing gene expression in cyanotic heart tissue following hyperoxic/standard versus controlled reoxygenation CPB. Our data revealed 59 differentially expressed genes in hyperoxic-standard vs. controlled reoxygenation CPB, with six upregulated and 53 downregulated (Fig. 2) . The upregulated genes included PDE1A, MOSC1, and CRIP3 (Table 4 ). The downregulated genes were functionally clustered into four major classes: extracellular matrix/cell adhesion, transcription, transport, and cellular metabolic process. They included Versican, Collagen I alpha 2, JUN, KLF9, SLC6A6, and BCAT1 (Table 4) .
Gene ontology biologic process annotations. Functional annotation clustering of the genes, identified as downregulated following hyperoxic/standard compared with controlled reoxygenation CPB, unmasked four overrepresented major classes involved in myocardium normal function (Table 5 ). Indeed, on 10 selected genes that demonstrated high differential gene expression. The changes in expression levels of these genes showed a high degree of correlation with the microarray data (Fig. 3) . Four out of the 10 examined genes showed a tendency to change similar to that of microarray experiment although not quite significant (Fig. 3) .
Western blotting of a selection of the identified genes' products. In an attempt to predict protein expression levels of some of the identified genes, we went onto assessing the protein levels of these genes' products in the myocardium of children subjected to hyperoxic/standard and controlled reoxygenation CPB using Western blotting. Protein levels of MOSC1, TAUT, and COL1A2 showed no alteration in the myocardium of the two groups of patients (Fig. 4) .
DISCUSSION
To our knowledge, this study is the first attempt to examine transcriptomic changes following the use of a novel strategy of controlled reoxygenation CPB in corrective heart surgery of cyanotic children. Our study confirmed that high levels of oxygen on starting CPB are associated with significant gene expression changes that are not seen when the reoxygenation is controlled. This was also associated with higher release of 8-isoprostane in the hyperoxic/standard CPB group, indicating an overall reduction in oxidative stress when oxygen levels are controlled on starting CPB in cyanotic patients. We have recently shown that controlling reoxygenation on starting CPB in cyanotic children undergoing cardiac surgery is associated with reduced reperfusion injury and oxidative stress compared with hyperoxic/standard CPB (5). There is substantial experimental evidence for the existence of a myocardial reoxygenation injury in the cyanotic, immature heart. Studies of hypoxemia/reoxygenation in immature piglets have provided evidence for oxygenmediated myocardial injury as a result of hyperoxemia in the setting of previous cyanosis (33) . The immature heart has a higher tolerance to hypoxia, but preceding hypoxia prior to ischemic cardioplegic arrest results in poor functional recovery and is associated with derangements in several metabolites (19, 23) . Hypoxia also reduces the antioxidant reserve capacity, leading to a greater susceptibility to the oxidative stress of ischemia (e.g., cross-clamping of the aorta) and reoxygenation (12, 18, 38) . Re-introduction of oxygen exacerbates this situation and eventually leads to a reduction in myocardial contractility (1, 12, 13, 16, 18, 38) .
One major finding in our study is that controlled reoxygenation reduces the transcriptomic alterations observed following hyperoxic CPB. Most of the genes altered by hyperoxic CPB were downregulated genes involved in intracellular signaling, metabolic process, and transport, suggesting that hyperoxic CPB can have a deleterious effect on the myocardium as shown by the reduction in expression of genes involved in important cell processes. In contrast, most of the genes altered by controlled reoxygenation CPB were upregulated genes implicated in extracellular matrix remodeling, suggesting that this strategy could improve myocardium remodeling by increasing extracellular matrix proteins.
Most of the differentially expressed genes in hyperoxic/ standard versus controlled reoxygenation CPB were downregulated. These genes functionally clustered into four major classes: extracellular matrix/cell adhesion, transcription, transport, and cellular metabolic process. These findings suggest a decrease in the adaptation and remodeling capacity of cyanotic hearts subjected to hyperoxic compared with controlled reoxygenation CPB. Additionally, a number of CDNA clones seem to play a role in reoxygenation injury. However, these clones are not well characterized.
It seems that the short time (70 min) between the starting of surgery and taking the second biopsy was enough to see the alterations at the mRNA levels observed by GeneChip and real-time PCR. However, this same time was too short to see any significant changes at the protein levels of the selected proteins: MOSC1, TAUT, and COL1A2. It is known that there's usually a delay between transcription and translation that can be hours to days. Because of the limitation of working on humans, it is not possible to examine the protein levels in human myocardium after hours or days from hyperoxic/standard or controlled reoxygenation CPB. MOSC1 has a sulfite oxidase, a xanthine dehydrogenase and an aldehyde oxidase activities. Interestingly, the aldehyde oxidase (AO) produces hydrogen peroxide and, under certain conditions, can catalyze the formation of superoxide (14, 25, 26) . When molecular oxygen acts as an electron acceptor in the AO-catalyzed oxidation of aldehydes or azaheterocycles, it undergoes a two-electron reduction to produce H 2 O 2 ; however, a portion undergoes one-electron reduction to produce superoxide. Our study shows an augmentation of MOSC1 mRNA levels by hyperoxic/standard CPB, suggesting a possible role of this enzyme in the increase of oxidative stress observed when this CPB procedure is used. Very early studies have already demonstrated the ability of this enzyme to generate superoxide and suggested a role for it in reperfusion injury (29) . More recent investigations have shown that MOSC1 is an important source of both superoxide and H 2 O 2 in biological tissues (28) .
Another interesting gene is the taurine transporter (SLC6A6, or TAUT). It is thought that taurine play an important role in ion movement, calcium handling, osmoregulation, and cytoprotection. Taurine depletion causes cardiomyocyte atrophy, mitochondrial and myofiber damage, and cardiac dysfunction, effects likely related to the actions of taurine (22) . Indeed this investigation suggests that multiple actions of taurine, including osmoregulation, regulation of mitochondrial protein expression, and inhibition of apoptosis, collectively ensure proper maintenance of cardiac and skeletal muscular structure and function (22) . Our data showed a reduction in mRNA levels by hyperoxic/standard CPB, suggesting a deleterious effect of this CPB protocol to the myocardium occurring probably by reduction of taurine cytoprotective action.
Clinical implications. One of the strategies proposed to avoid reoxygenation injury is the use of controlled reoxygenation during CPB. Allen and associates (1) demonstrated an improvement in the antioxidant reserve capacity with lower levels of oxygen in cyanotic infants undergoing cardiac surgery, and Bulutcu and coworkers (4) obtained similar findings. Our results confirm these findings and provide the first direct evidence that an unintended oxygen-mediated myocardial genomic alteration injury occurs in cyanotic patients with TOF undergoing surgical repair. Reoxygenation injury is associated with the production of reactive oxygen species by the formation of oxygen-derived free radicals such as superoxide and peroxide. This leads to cell membrane degradation through lipid peroxidation (12, 18) . It is now evident that oxidative stress is a major part of the cellular mechanism of the resulting myocardial damage (3, 10, 30, 35) . 8-Isoprostane has been shown to be a reliable marker for the volume of myocardium exposed to oxidant stress during acute myocardial infarction (30, 35) , as well as a quantitative marker of oxidant stress during coronary reperfusion (10) . The increased 8-isoprostane levels in the hyperoxic/standard CPB group associated with the profound downregulation of key genetic pathways related to myocardial function suggests a direct effect of CPB oxygen levels on the degree of reperfusion injury and can possibly explain the increased need of postoperative inotropic support observed in these patients. The perfusion strategy of keeping PO 2 as close as possible to the patient's preoperative values resulted in a reduced oxidative stress and in a significant reduction in the genomic alterations observed with the hyperoxic/standard CPB group.
This novel and simple strategy of controlling reoxygenation on starting CPB does not interfere with the surgical procedure and, by limiting oxidative stress and reoxygenation injury, might lead to improvements in early clinical outcomes in the very high risk group of cyanotic infants and children undergoing cardiac surgery.
Limitations. Our study cannot detect differences in clinical outcome between the two groups; the primary outcomes were related to differences in myocardial gene expression and biochemical markers of organ dysfunction. Recruitment to a larger trial to evaluate clinical outcomes as primary end points is ongoing at our institution.
This study investigated a single congenital pathology, and its findings cannot automatically be related to other cyanotic cardiac conditions. 
